Magnetic resonance imaging (MRI) contrast agents represent a worldwide billion-dollar market annually. While T 1 relaxivity enhancement contrast agents receive greater attention and a significantly larger market share, the commercial potential for T 2 relaxivity enhancing contrast agents remains a viable diagnostic option due to their increased relaxivity at high field strengths. Improving the contrast and biocompatibility of T 2 MRI probes may enable new diagnostic prospects for MRI.
Introduction
Magnetic Resonance Imaging (MRI) is the leading soft tissue diagnostic imaging technique due to its unparalleled ability to generate high resolution three dimensional in vivo images.
1,2 In addition, MRI, considered a noninvasive technique, uses biologically benign 1-4 radio frequencies rather than potentially harmful X-rays such as those employed for CAT (Computerized Axial Tomography) scans. Current Gd III contrast agents (CA) based on longitudinal spin-lattice relaxation time, T 1 , dominate use in the clinic.
1,2 Recently, more emphasis is being placed on the necessity of developing CAs with greater relaxivities to reduce the quantity of Gd III -CAs administered for MRI diagnostics, resulting from concerns that Gd III is not safe for all patients, the threat of limited access to large quantities of Gd III , and environmental accumulation of Gd III . CAs based on the transverse spin-spin relaxation time, T 2 , could allow for the development of targeted imaging and alternative diagnostic agents. [1] [2] [3] [4] All T 1 commercial contrast agents suffer a decrease in efficiency at higher field strengths, 2 which is a liability as clinical instruments increase in magnetic field strength to enhance inherent instrument contrast. Many MRI's in the clinic have reached 60 to 125 MHz to increase resolution, but at the cost of diminishing the efficacy of the contrast agent injected. 2, 3 To counteract the increase in field strength, increasing dosage is required to maintain current levels of contrast, however, gram quantities of T 1 contrast agents must already be injected to overcome low sensitivity. Therefore, alternative options need to be explored and developed, both improving T 1 relaxivity and providing an alternative such as an effective T 2 CA. In contrast to T 1 imaging agents, the T 2 agents exhibit a direct correlation between increasing field strength and relaxivity, 1 and as a result they improve contrast at the larger field strengths now seen in the clinic. This relationship, combined with increasingly powerful magnets used for MRIs, suggests that over time T 2 agents may emerge as a more thoroughly studied and highly developed class of MRI-CAs. The development of T 2 targeted imaging for MRI will require higher relaxivities than are currently attained if this approach is to be realized for diagnostic medicine.
3 High relaxivity at physiological conditions and 60 -100 MHz, combined with adequate synthetic functionality and versatility, would allow conjugation of various targeting molecules such as antibodies, proteins or targeting ligands and enable the development of a new generation of MRI agents capable of site selective delivery. In this laboratory, Gd III complexes have been developed only for enhanced T 1 relaxivities compared to current commercial agents. 5, 6 These include Gd-TREN-bis(1-methyl-3,2-HOPO)-TAM-ethylamine (1), Gd-TREN-bis(1-methyl-3,2-HOPO)-TAM-N2 (2), Gd-TREN-bis(1-methyl-3,2-HOPO)-TAM-N3 (3), and Gd-TREN-bis(1,2-HOPO)-TAM-ethylamine (4) (Figure 1 ). Compared to commercial agents such as 4, 7, 4, 7, and Gd-DTPA (Gd-diethylenetriaminepentaacetic acid), the Gd-HOPO (Gd-trishydroxypyridinone) hexadentate oxygen donor chelators used in our studies increase relaxivity through fast water exchange via an associative water exchange mechanism, large numbers of innersphere water molecules (q), and the ability to conjugate to a macromolecule to decrease molecular tumbling time.
7-10 As these parameters increase both r 2 and r 1 , this research provides Ln III complexes desirable T 2 relativities as well. For r 1 , (1-Me)-3,2-HOPO chelators have outperformed the corresponding (1,2)-HOPO chelators in every comparison study. [5] [6] [7] [8] [9] [10] To investigate the feasibility of using alternate lanthanides for T 2 imaging, Yb III and Dy III based agents, Dy-TREN-bis(1-methyl-3,2-HOPO)-TAMethylamine (5), Yb-TREN-bis(1-methyl-3,2-HOPO)-TAMethylamine (6), Dy-TREN-bis(1-methyl-3,2-HOPO)-TAM-N2 (7), Yb-TREN-bis(1-methyl-3,2-HOPO)-TAM-N2 (8), Dy-TRENbis(1-methyl-3,2-HOPO)-TAM-N3 (9) , and Yb-TREN-bis(1-methyl-3,2-HOPO)-TAM-N3 (10), were also synthesized and evaluated as dendrimer conjugates. Yb III has potential as a bimodal imaging agent as a T 2 MRI contrast agent and a near infrared probe in biological systems. Dy III has been shown to be a prospective cerebral perfusion agent, superior to Gd III and therefore should be explored as a specific MRI diagnostic analysis. In addition to varying the lanthanide used in these complexes, they were also varied by the amine linking appendage used to attach the complex to the dendrimer. These linkers vary in length and rigidity, as well as the potential coordinating environment surrounding the lanthanide.
High T 1 relaxivities have been previously achieved through conjugation to various macromolecular carriers such as dendrimers, 11,12 viral capsids, 13 nanoparticles, 14 and nanodiamonds. 15 This conjugation can not only bring about improvements in solubility and biocompatibility for the selected CA, but can also reduce the molecular motion of the agent in solution. This, in turn, causes an enhancement in the agent's relaxivity, which increases its performance producing contrast. Dendrimers developed in the Fréchet group (Figure 2 ) exhibit high biocompatibility and solubility, biodegradability, as well as a practical and scalable synthesis. [16] [17] These dendrimers consist of a branched core, from which multiple copies of an imaging agent and eight 5 kDa polyethylene glycol (PEG) chains radiate outwards. The poly-L-lysine (PLL) based dendrimer (Figure 2 , bottom structure) contains a moderately branched hydrophilic amide core, and provides a highly resilient platform for agent delivery. The esteramide (EA) dendrimer (Figure 2 , top structure) contains a highly compact core with both ester and amide bonds. The ester bonds are incorporated to allow for more rapid biodegradability and expedite the synthesis. Due to their diminished hydrogen bonding with water compared to amide bonds, this core is expected to be slightly less hydrophilic than the PLL dendrimer's interior. The PEG chains radiating out from the core increase solubility of these conjugates in vivo and prevent the agent from interacting with the surrounding biological environment. 18 Due to a phenomenon known as the enhanced permeation and retention (EPR) effect, 19 which takes advantage of the increased permeability of the vasculature and decreased efficiency of the lymphatic system in well formed tumors, these macromolecules can also passively accumulate in tumors at levels up to 10-15% of the dose per gram of tumor tissue. 20 This may enable these conjugates to outperform small (< 1000 Da) molecules in the imaging of tumors, and prove valuable in the imaging and diagnosis of some cancers. These macromolecules also remain in the blood at high levels for much longer than small molecules, enabling more time for MRI scans to be carried out. [16] [17] Since the performance of MRI contrast agents improves upon the slowing of molecular motion, the large size and imposing steric environments of these dendrimers are also observed to substantially increase agent relaxivities to several times that of the free complex. In this study, we present T 2 MRI probes with no observed cultured cell toxicity, high biocompatibility, and high T 2 relaxivity.
Results and Discussion
Synthesis: Ligands of complexes 5-10 ( Figure 1) were synthesized according to preparation of previously reported ligands. 5 The trichloride salts of the lanthanide metals were used for complexation (see Supporting Information for details). Metallated complexes were conjugated through their amine side chains to the acid functionalities of the dendrimers using carbodiimide coupling chemistry (Scheme 1). Due to differences in the amine side chains and solubilities of the complexes, coupling yields to the dendrimer (Table 1) vary substantially between the complexes. Fortunately, coupling yields for higher performing complexes tend to be closer to or at the theoretical maximum of eight complexes per dendrimer, although a strict correlation is not observed. Coupling yields also appear to be dependent on complex solubility, as some of these are sparingly soluble even in DMSO. It is also possible that some of these complexes possess metalamine or other intermolecular bonding, which could attenuate the nucleophilicity of the side chain amines.
Conjugates were characterized by size exclusion chromatography (SEC), DLS, relaxivity measurements and inductively coupled plasma optical emission spectroscopy (ICP-OES), which are available for every conjugate in the Supporting Information. SEC showed that while the dendrimer itself has no UV activity, after conjugation to metal complexes UV peaks corresponding to a 40 kDa polymer are observed. The UV peaks of the complexes are also observed to migrate from the small molecule region (22-28 minutes, data not shown) to a region corresponding to a 40 kDa macromolecule (15 minutes) upon conjugation to the polymer, although an oscillating system peak (21-24 min) and toluene reference peak (26 minutes) are still observed. The UV-active polymer peak also corresponds to the refractive index (RI) trace of the polymer (Figures 4 and 5) . A peak observed at 18 minutes corresponding to a 5 kDa polymer can also be observed in the RI traces, and this corresponds to a small amount of linear PEG remaining from dendrimer synthesis. The end groups of this PEG are capped (to render it inert) before introduction of the metal chelates, which prohibits the PEG from interfering with coupling reactions.
Relaxivity: T 2 relaxivity was evaluated in a 1.41 T (60 MHz) relaxometer at 37.0 °C to ensure clinically relevant conditions were used for analysis. Accounting for diamagnetic solvent character, per Ln III relaxivity was determined by the equation
From the relaxation time (T 1 or T 2 ) observed (s -1 ) via water relaxivity, the relaxation time of the solvent (s -1 ) was subtracted. The concentration of the metal (µmol) was determined precisely by inductively coupled plasma-optical emission spectroscopy (ICP-OES) on each sample. Relaxivity (r 1 for T 1 relaxivity; r 2 for T 2 relaxivity) is therefore reported in mM -1 s -1 . While high relaxivities are reported for T 2 (Table 1) , trends for T 2 relaxivity did not follow those for T 1 relaxivity. The HOPOesteramide dendrimer conjugates show remarkably short T 2 relaxation times. The r 2 of the Gd-TREN-bis-1,2-HOPO-TAMethylamine esteramide dendrimer complex (4:EA) was the largest reported in this study, with per dendrimer relaxivity of 374 mM
In previous work, the 1,2-HOPO complexes have been inferior to the (1-Me)-3,2-HOPO for T 1 imaging regardless of the chelator linking cap, other functionalizing, or solubilizing moieties attached. [5] [6] [7] [8] [9] [10] However, T 2 is more dependent on the outer-sphere water molecule interactions than T 1 , 1,3 favoring the 1,2-HOPO complex. This is because due to changes in pK a values between the 1,2-HOPO and the (1-Me)-3,2-HOPO, outer-sphere water interactions are more favorable in the 1,2-HOPO as opposed to the (1-Me)-3,2-HOPO. This same phenomenon, the impact of pK a on outer-sphere interactions, has been observed by measuring entropic considerations of proline by infrared photodissociation (IRPD) spectroscopy and kinetics. 18 The 1,2-HOPO conjugate has a further advantage for T 2 imaging due to its having a lower T 1 relaxivity (r 1 ) and then a higher T 2 relaxivity (r 2 ), giving a large ratio of relaxivities, r 2 /r 1 . Given that tissues inherently have a shorter T 1 than T 2 , T 2 agents with significant r 2 /r 1 ratio can be beneficial using certain pulse sequences in the clinic.
Due 21, 22 and Yb III has potential as a bimodal T 2 and near infrared imaging agent, allowing for the simultaneous imaging of tissue by two independent methods. Dy III has the ability to transiently influence lingering magnetic susceptibility of tissues as it travels through the body, which could provide an interesting alternative to using iron oxide nanoparticles as agents of magnetic susceptibility. Generally Yb III -HOPO agents preformed better than Dy III -HOPO MRI-CAs (Table 1 ). Due to its near IR imaging capabilities, [23] [24] Yb III has potential for imaging of tumors being surgically removed, as these are often close to the tissue surface during this process. Additionally, with low r 1 values, these complexes have a much larger r 2 /r 1 ratio, than that of Gd III complexes.
Cytotoxicity: Suitability of conjugates for further testing as potential contrast agents was determined by cultured cell cytotoxicity studies by MTT assay. Up to 5.0 mg/mL (0.2 mM Gd III ), the highest concentration evaluated, cytotoxicity was not observed to HeLa cells over 72 h at 37.0 °C and 5 % CO 2 . The esteramide and polylysine dendrimers have exhibited low toxicity in mice 22 and have excellent biocompatibility and high solubility. Biodistribution has been conducted on Gd-TREN-bis-3,2-HOPO-TAM moieties with similar functionalities 25 and produces satisfactory results for suitability as an injectable MRI contrast agent.
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Conclusions
T 1 MRI is currently a more commonly employed imaging modality than T 2 in the medical field. However, due to changes in field strength and toxicity concerns, T 2 contrast agents have the potential and cause for further development. In this work we have described the synthesis of dendrimer based T 2 lanthanide MRI probes with high biocompatibility and relaxivity values. Due to the high relaxivities obtained, these agents may be promising candidates for future investigation into lanthanide T 2 imaging.
Experimental Section
General Considerations: Unless otherwise noted, starting materials were obtained from commercial suppliers and used without further purification. All organic solvents were stored over 4 Å molecular sieves. Water was distilled and further purified by a Millipore cartridge system. All organic extracts were dried over anhydrous MgSO4 and solvents removed in vacuo. Flash chromatography was performed on Merck Silica Gel (40-7 Mesh). Ion exchange chromatography was done on Phenomenex Strata X-C prepacked columns (pore size 85 Å, particle size 33 μm).
H and
13 C NMR spectra were recorded on a Bruker AVQ 400 at 400 MHz and 100 MHz, respectively or a DRX 500 at 500 MHz; the residual solvent peak was used as an internal reference. Elemental analysis and mass spectra (HR = high resolution; ESI-MS = electrospray ionization mass spectrometry) were performed by the Microanalytical Laboratory and Mass Spectrometry Laboratory, respectively, at the College of Chemistry at the University of California at Berkeley. Prep-HPLC was done on a Varian Prep HPLC system using a Varian super-prep C18 column (Dynamax C18, 41.4 x 250 mm, 10 µm particle size). All synthetic reactions were performed in an atmosphere of nitrogen, unless otherwise noted.
Esteramide (EA) and PLLG2(Asp(COOH)PEO)8 Polylysine (PLL)
Dendrimer Synthesis: (Figure 2 ) Synthesized as was previously reported. 
Size Exclusion Chromatography (SEC):
The SEC system consisted of two SDV Linear S (5 μm) columns (Polymer Standards Service, 300 x 8 mm) using DMF with 0.2 % LiBr as the mobile phase (1 mL/min) in series with a Waters 515 pump, 717 autosampler, 996 Photodiode Array Detector (210-600 nm), and 2414 differential refractive index detector. Sample volumes were 100 μL and UV spectra were viewed at 350 nm. Molecular weight calibrations for RI spectra were made using linear polyethylene glycol standards with toluene as a reference peak. Complex loading was quantified by comparing polymer peak integrals in UV spectra with a calibration curve obtained from spectra of known quantities of ligand dissolved in DMF and run under identical conditions. 1:EA and 1:PLL, 2:EA and 4:EA conjugates were synthesized as reported.
12 Briefly, the dendrimer and Gd complex 1 (1.2 eq. per dendrimer carboxylic acid) were combined in a 25 mL reaction vial and dissolved in DMSO. HOBt, NHS and EDC were then added and the reaction was allowed to stir overnight. The polymeric conjugate was then isolated by precipitation in ether and purified by PD-10 size exclusion chromatography. After lyophilization the desired was obtained as an off-white solid. Yb-TREN-Dendrimer Conjugation Synthesis: 6:EA: To a 25 mL scintillation vial containing 1 mg (0.011 mmol, 1.1 eq.) of metal complex 6 was added 5 mg (0.001 mmol by carboxylic acid) of EA dendrimer. To this was added 1 mg (0.008 mmol, 9 eq.) each of Nhydroxysuccinimide (NHS) and hydroxybenzotriazole (HOBt). The solids were dissolved in 0.5 mL DMSO and 1 mg (0.005 mmol, 5 eq.) of EDC (EDAC or EDCI, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) was added and the reaction was allowed to stir overnight at room temperature . After overnight stirring, the solvent was removed in vacuo and solids were taken into 5 mL DCM. After filtering solids through a 0.45 µm PTFE (polytetrafluoroethylene) filter the solution was precipitated by addition to 100 mL diethyl ether (anhydrous) to give a light yellow solid. The solids were isolated by centrifugation and residual impurities were removed using a PD-10 size exclusion column to give 3 mg (60 %) of conjugate 6:EA as a yellow solid. 8:EA: To a 25 mL scintillation vial containing 1.4 mg (0.0015 mmol, 1.4 eq.) of metal complex 8 was added 5.5 mg (0.0011 mmol by carboxylic acid) of EA dendrimer. To this was added 0.75 mg (0.0065 mmol, 6.5 eq.) each of NHS and HOBt. The solids were dissolved in 0.5 mL DMSO and 1.5 mg (0.0078 mmol, 7.8 eq.) of EDC was added and the reaction was allowed to stir overnight at room temperature. After overnight stirring, the solvent was removed in vacuo and solids were taken into 5 mL DCM. After filtering solids through a 0.45 µm PTFE filter the solution was precipitated by addition to 100 mL diethyl ether (anhydrous) to give a light yellow solid. The solids were isolated by centrifugation and residual impurities were removed using a PD-10 size exclusion column to give 5.2 mg (91 %) of conjugate 8:EA as a yellow solid. 10:EA: To a 25 mL scintillation vial containing 2.6 mg (0.0028 mmol, 1.2 eq.) of metal complex 10 was added 11.5 mg (0.0023 mmol by carboxylic acid) of EA dendrimer. To this was added 1.5 mg (0.005 mmol, 5 eq.) each of NHS and HOBt. The solids were dissolved in 0.5 mL DMSO and 2.4 mg (0.005 mmol, 5 eq.) of EDC was added and the reaction was allowed to stir overnight at room temperature. After overnight stirring, the solvent was removed in vacuo and solids were taken into 5 mL DCM. After filtering solids through a 0.45 µm PTFE filter the solution was precipitated by addition to 100 mL diethyl ether (anhydrous) to give a light yellow solid. The solids were isolated by centrifugation and residual impurities were removed using a PD-10 size exclusion column to give 3.9 mg (31 %) of conjugate 10 as a yellow solid. Dy-TREN-Dendrimer Conjugation Synthesis: 5:EA: To a 25 mL scintillation vial containing 3.2 mg (0.0039 mmol, 3.5 eq.) of metal complex 5 was added 5.5 mg (0.0011 mmol by carboxylic acid) of EA dendrimer. To this was added 0.75 mg (0.065 mmol, 5.9 eq.) each of NHS and HOBt. The solids were dissolved in 0.5 mL DMSO and 1.5 mg (0.0078 mmol, 7.1 eq.) of EDC was added and the reaction was allowed to stir overnight at room temperature. After overnight stirring, the solvent was removed in vacuo and solids were taken into 5 mL DCM. After filtering solids through a 0.45 µm PTFE filter the solution was precipitated by addition to 100 mL diethyl ether (anhydrous) to give a light yellow solid. The solids were isolated by centrifugation and residual impurities were removed using a PD-10 size exclusion column to give 4.2 mg (76 %) of conjugate 5:EA as a yellow solid. 7:EA: To a 25 mL scintillation vial containing 2.8 mg (0.003 mmol, 1.3 eq.) of metal complex 7 was added 12.5 mg (0.0025 mmol by carboxylic acid) of EA dendrimer. To this was added 1.5 mg (0.013 mmol, 5 eq.) each of NHS and HOBt. The solids were dissolved in 0.5 mL DMSO and 2.4 mg (0.0125 mmol, 5 eq.) of EDC was added and the reaction was allowed to stir overnight at room temperature. After overnight stirring, the solvent was removed in vacuo and solids were taken into 5 mL DCM. After filtering solids through a 0.45 µm PTFE filter the solution was precipitated by addition to 100 mL diethyl ether (anhydrous) to give a light yellow solid. The solids were isolated by centrifugation and residual impurities were removed using a PD-10 size exclusion column to give 6.1 mg (49 %) of conjugate 7:EA as a yellow solid. 9:EA: To a 25 mL scintillation vial containing 2.0 mg (0.002 mmol, 1.8 eq.) of metal complex 9 was added 5.5 mg (0.0011 mmol by carboxylic acid) of EA dendrimer. To this was added 0.75 mg (0.065 mmol, 5.9 eq.) each of NHS and HOBt. The solids were dissolved in 0.5 mL DMSO and 1.5 mg (0.0078 mmol, 7.1 eq.) of EDC was added and the reaction was allowed to stir overnight at room temperature. After overnight stirring, the solvent was removed in vacuo and solids were taken into 5 mL DCM. After filtering solids through a 0.45 µm PTFE filter the solution was precipitated by addition to 100 mL diethyl ether (anhydrous) to give a light yellow solid. The solids were isolated by centrifugation and residual impurities were removed using a PD-10 size exclusion column to give 4.6 mg (83 %) of conjugate 9. Although repeated many times conjugation higher than one complex per dendrimer was never achieved due to extensive solubility issues. This complex would not be suitable for clinical MRI. Cell Culture for Dendrimer Conjugates: HeLa cells were purchased from American Type Culture Collection (ATTC) and plated by the Molecular and Cell Biology Cell Culture Facility at University of California, Berkeley, to 10,000 cells per well. Control samples used were the live and dead cells on each plate, the esteramide dendrimer, the polylysine dendrimer, and Gd-6 DTPA, a commercial MRI contrast agent. Lanthanide MRI samples tested with dendrimers were 5-10:EA. The Gd III conjugates were previously studied and determined to be nontoxic at similar concentrations. Solutions were made in the concentration of 1.0 mg/mL in Dulbecco's modification of Eagle's Media (DMEM, with glucose and 10% fetal bovine serum (FBS). Dilutions were made on one plate at the rate of two-fold per well, for eight total dilutions and a final concentration of 0.05 mg/mL of sample. These solutions were transferred in 100 µL dilutions onto HeLa cells, which were already in 100 µL of media. These samples were incubated for 72 h at 37 C and 5% CO2. After 72 h, 40 µL of thiazolyl blue tetrazolium bromide (98% TLC) was added for a MTT assay at 2.9 mg/mL. These samples were incubated for 30 min at 37 C and 5% CO2. After 30 min, the cells were aspirated and 200 µL of DMSO added, followed by 25 µL of pH 10.5 glycine buffer (100 mmol glycine and 100 mmol salt). Absorbance was measured at 570 nm on a Molecular Devices plate reader and cytotoxicity determined based on blank live cells and starved cells (terminated by denying media). All results were repeated in triplicate and the average reported. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES): ICP-OES was performed on a Perkin Elmer Optima 7000 DV. Samples for analysis were diluted in 2% (v/v) Supporting Information (see footnote on the first page of this article): DLS, SEC-UV and RI traces for all conjugates, complex loading, and cytotoxicity are presented.
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To whom correspondence should be addressed: raymond@socrates.berkeley.edu Figure S1 . DLS of Esteramide Dendrimer 1.0 mg/mL (filtered) shows no aggregation. Lack of aggregation at M concentration is necessary for intravenous or intraperitoneally injected MRI contrast agents. 
